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ABSTRACT
Aim Many Australian Acacia species have been planted around the world, some
are highly valued, some are invasive, and some are both highly valued and
invasive. We review global efforts to minimize the risk and limit the impact of
invasions in this widely used plant group.
Location Global.
Methods Using information from literature sources, knowledge and experience
of the authors, and the responses from a questionnaire sent to experts around the
world, we reviewed: (1) a generalized life cycle of Australian acacias and how to
control each life stage, (2) different management approaches and (3) what is
required to help limit or prevent invasions.
Results Relatively few Australian acacias have been introduced in large numbers,
but all species with a long and extensive history of planting have become invasive
somewhere. Australian acacias, as a group, have a high risk of becoming invasive
and causing significant impacts as determined by existing assessment schemes.
Moreover, in most situations, long-lived seed banks mean it is very difficult to
control established infestations. Control has focused almost exclusively on
widespread invaders, and eradication has rarely been attempted. Classical
biological control is being used in South Africa with increasing success.
Main conclusions A greater emphasis on pro-active rather than reactive
management is required given the difficulties managing established invasions of
Australian acacias. Adverse effects of proposed new introductions can be
minimized by conducting detailed risk assessments in advance, planning for
on-going monitoring and management, and ensuring resources are in place for
long-term mitigation. Benign alternatives (e.g. sterile hybrids) could be developed
to replace existing utilized taxa. Eradication should be set as a management goal
more often to reduce the invasion debt. Introducing classical biological control
agents that have a successful track-record in South Africa to other regions and
identifying new agents (notably vegetative feeders) can help mitigate existing
widespread invasions. Trans-boundary sharing of information will assist efforts to
limit future invasions, in particular, management strategies need to be better
evaluated, monitored, published and publicised so that global best-practice
procedures can be developed.
Keywords
Australian weed risk assessment protocol, biological invasions, classical
biological control, eradication, invasion debt, Racosperma.
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INTRODUCTION
It is still unclear to what extent biological invasions, and any
impacts they might cause, can be predicted (e.g. Williamson,
1999). This is in part because of the many ways in which an
invasion could arise (Blackburn et al., 2011). This creates a
conflict in natural resource management – what should be
done to minimize the costs of biological invasions without
unduly limiting the potential benefits derived from introduced
organisms. Progress towards predicting future invaders has
been made by focussing on particular taxonomic or functional
groups (Paynter et al., 2003; Richardson & Rejma´nek, 2004;
Harris et al., 2007). Similarly, although invasions are context
dependent, valuable insights into management have been
gained from different parts of the world (Richardson et al.,
2008; Simberloff et al., 2010). For best practices to be
developed and implemented, the successes and failures of
different management actions need to be documented and
shared, see Richardson et al. (2008) and Simberloff et al.(2010)
for relevant insights regarding Pinus species. Developing
general management guidelines for a particular taxonomic
group across different biogeographical regions can potentially
save resources by focussing attention on the most critical
aspects required for successful management.
Australian acacias (also termed ‘wattles’; here defined as the
1012 species formerly placed in Acacia subgenus Phyllodineae
DC. that are native to Australia; see discussion in Richardson
et al., 2011; Murphy et al., 2010; Miller et al., 2011) are a
group of leguminous woody plants that include some of the
most important plant invaders globally (Richardson &
Rejma´nek, 2011). They are a model group for studying the
ecology, management and biogeography of plant invasions
(Richardson et al., 2011). In particular, this group presents an
interesting conundrum because invasive species have a range of
impacts [e.g. on water use, fire regimes, soil nitrogen levels,
and directly on biodiversity through competition for space
(Richardson & van Wilgen, 2004; Marchante et al., 2008;
Gaertner et al., 2009; Le Maitre et al., 2011)], but also a wide
variety of commercial, subsistence and ornamental uses
(Rinaudo & Cunningham, 2008; Griffin et al., 2011; Kull
et al., 2011; van Wilgen et al., 2011). The group also provides
an excellent model to look for generalities across regions; for
example, although Acacia salicina can invade arid areas [e.g.
the Negev Desert in Israel (Dufour-Dror, 2010)], the same
species is recommended for restoring degraded arid ecosystems
in southern Tunisia (Jeddi et al., 2009). Can the potential
benefits of A. salicina for Tunisia be achieved safely given the
known problems the species causes in Israel? Similarly Acacia
saligna has been used in Ethiopia to rehabilitate overgrazed
and eroded lands (Reubens et al., 2011), and plants are sold in
the arid regions of the south-western USA, despite the well-
documented, widespread and transformative nature of A. sal-
igna invasions in South Africa, Israel and other regions.
About one-third of Australian acacias have been introduced
to regions outside Australia, but only 23 have become invasive
(Richardson & Rejma´nek, 2011; Richardson et al., 2011).
Interestingly, the known invaders are also the most heavily
traded taxa (Fig. 1a, Griffin et al., 2011). For those Australian
acacias that are invasive, there are also substantial differences
between the extents of invasions in different regions; for
example, eleven Australian acacias in South Africa are amongst
the most widespread invaders in the region, while other species
are invasive (or only naturalized) at only a few sites (Fig. 1b).
Again there is a strong correlation between history of usage
and the extent of invasion (van Wilgen et al., 2011). This is
similar to Pinus (Proches¸ et al., 2011), where the amount of
planting is closely correlated with extent of invasions, at least
in South Africa.
Two plausible explanations can account for these correla-
tions. First, those species that are most likely to become
invasive are also those most suited for utilization, and so are
those that humans have spread most widely. Alternatively,
invasiveness in this group is mediated by propagule pressure,
and so the extent of invasions is the result of greater
introduction and dissemination efforts. Even if the former
were true, and managers needed to concentrate only on
existing known invaders, Australian acacia invasions are still
likely to increase in global extent over the next few decades
(Richardson et al., 2011). Within invaded ranges, species are
spreading further; some species that are known to be
widespread invaders have not yet been introduced in signif-
icant numbers to all suitable regions around the world, and we
expect that some species currently at low densities will become
widespread invaders in future simply because of population
growth and spread. In short, there is a significant invasion debt
in the group (sensu Seabloom et al. 2006). Reducing this debt
will require management strategies that focus on multiple
fronts and at all stages of the introduction-naturalization-
invasion continuum.
The aim of this paper is to review the options available to
limit invasions and manage the risks of undesirable impacts, in
essence looking for pro-active rather than reactive manage-
ment strategies. How the proposals presented here should be
implemented given regional and local contexts (in particular
where there is high commercial, subsistence, or cultural value)
is a major and pressing research and social challenge, but not
one that we discuss in this paper. The focus on identifying
generic management approaches to minimize invasion risk
should be viewed as one aspect of the broader discussion on
Australian acacia introductions and read with reference to
other papers in this special issue of Diversity and Distributions
that describe the beneficial and cultural aspects of wattle
introductions (Carruthers et al., 2011; Griffin et al., 2011; Kull
et al., 2011).
Our approach was threefold. First, we developed a
generalized life cycle of Australian acacias and considered
control options at each life stage. We then reviewed general
management approaches to reducing the invasion risk of
Australian acacias. Finally, we determined tools necessary to
achieve pro-active control. The information is based on
primary and secondary literature sources, knowledge and
experience of the authors, deliberations at the workshop from
Pro-active management of Australian acacias
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which this special issue of Diversity and Distributions grew
(Richardson et al., 2011), and results from a questionnaire
sent to experts around the world (see Appendices S1–S3 in
Supporting Information).
CONTROLLING AUSTRALIAN ACACIAS AT
DIFFERENT POINTS IN THEIR LIFE CYCLE
All Australian acacias have the same basic life cycle (Fig. 2),
and as such potential management interventions apply across
the group. Here we review control at each stage of a generalized
life cycle starting with seedlings.
Australian acacia seedlings are capable of rapid growth
under a variety of environmental conditions and have the
ability to out-compete many other species for resources
(Morris et al., 2011). However, a high percentage of seedlings
do not survive to saplings, so interventions should target
successful seedlings to avoid wasting resources. This can
include direct control through hand pulling, grazing, foliar
herbicides, ploughing, or limiting recruitment opportunities
by changing land management (e.g. grazing or fire regimes).
Reproductive maturity is reached after 1–5 years. Adult
plants can be killed (e.g. through debarking, fire or mechanical
control), but as many species resprout or coppice (and some
species have a strong ability to sucker), herbicide treatment of
stumps and additional follow-up to treat regrowth are often
necessary. Classical biocontrol agents can be introduced to
target vegetative growth (Box 1).
Australian acacias have showy, long-lasting floral displays
whose rewards are available to a variety of generalist insect
pollinators (Gibson et al., 2011). In consequence throughout
their introduced ranges, trees produce large quantities of viable
seeds [up to 15,000 seeds m)2 per annum (Richardson &
Kluge, 2008)]. Reducing seed production (e.g. through the use
of biological control agents, Box 1) can limit both spread rates
and the build-up of seed banks. More localized options can
also reduce seed set, e.g. harvesting of flowers, hormonal
control to reduce seed set or flowering, use of sterile cultivars,
or harvesting before reproductive maturity.
Natural seed dispersal can be through ants or birds, and also
running water, but probably the majority of seeds simply
disperse via gravity. Seed predation by rodents and alydid bugs
can significantly reduce the numbers of seeds prior to
incorporation into seed bank (David & Jarvis, 1985; Holmes
& Rebelo, 1988; Holmes, 1990a,b; Richardson & Kluge, 2008).
Seed dispersal can be reduced by restricting the movement of
soil that contains seed, and controlling plants or preventing
plantings close to dispersal routes (e.g. roads, water-ways, and
areas where there is significant water run-off).
Once seeds have dispersed, they are incorporated into the seed
bank mostly in the top 10 cm of soil. These seeds are potentially
long-lived and might remain dormant for many decades,
germinating en masse following disturbance events (e.g. fire).
Therefore, while management can be effective in clearing adult
plants, reducing existing soil seed banks is essential to prevent
widespread reinvasion after clearing (Box 2).
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Figure 1 Invasive Australian acacias tend to be (a) those wattles
that were introduced in the largest numbers and (b) more wide-
spread than other plant invaders. (a) The number of seed lots
exported by the Australian Tree Seed Centre from Australia for
300 species of wattle between 1980–2010 (Griffin et al., 2011).
The fitted line is a probability density converting the discrete
numbers into a smooth distribution that can be interpreted as the
likelihood of observing any particular value given a random
selection (function density{stats} in the programme R). Species
that are unequivocally invasive (sensu Pysˇek et al., 2004) are the
longer, dark-grey ticks. Values are integers, but with some error
added to limit overplotting. (b) Frequency distribution of range
size for all invasive plants in South Africa at the quarter-degree
grid cell scale. Invasive wattles are shown as longer, dark-grey ticks.
Data are from the South African Plant Invaders Atlas (2009). These
data include historical records that have not been confirmed on
resurvey (e.g. A. fimbriata and A. cultriformis), but do not include
more recent confirmed records of localized naturalization (e.g.
A. ulicifolia). Continental South Africa covers 1944 quarter-degree
grid cells. Invasive Australian acacias are not a random sample of
all species found in SAPIA (P < 0.001 from a Kolmogorov–
Smirnov two-sample test), they tend to have either very narrow or
very wide distributions.
J. R. U. Wilson et al.
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APPROACHES TO REDUCING THE INVASION
RISK OF AUSTRALIAN ACACIAS
Given the difficulties of controlling established invasions,
because of seed banks in particular, priority should be given to
preventative measures.
Controlling introductions – pre-border risk assessment
Historically, Australian acacias were typically introduced for
(agro)-forestry or soil stabilization, although there are several
notable ornamental species and many species have a variety of
uses (Kull et al., 2011). Australian acacias were mostly
introduced deliberately as seed (Poynton, 2009; Griffin et al.,
2011). Given the size of the seeds (5 mm), the likelihood of
accidental introductions in contaminated soil is lower than for
many other plants (although contaminated soil used as ship
ballast might explain some of the historical trans-oceanic
dispersal, and the movement of soil during construction or
road maintenance can be a significant dispersal route within a
region). Similarly, seed lots are generally unlikely to have been
contaminated as seed can be relatively easily gathered from
adult plants. There have been, however, some errors of
identification during introduction and planting, for example,
Acacia mearnsii, Acacia dealbata and Acacia decurrens were
confused in early colonial Madagascar (Kull et al., 2007).
Furthermore, the main reasons for introduction (i.e. commer-
cial or environmental applications) are such that most growers
will not want to consider prohibited species – the possible
exception being specialist horticulturalists. Widespread inva-
sive species like Acacia baileyana, A. dealbata, Acacia mela-
noxylon and A. saligna are available for purchase online,
apparently without restriction. While awareness campaigns can
assist in reducing the introduction risk posed by the rapidly
expanding online plant trade (Derraik & Phillips, 2010),
quarantine inspections may be the only method of controlling
some ornamental introductions.
Which species will be traded in future? Most species suitable
for commercial forestry, i.e. those that can grow in excess of
five metres, have already been identified (Griffin et al., 2011),
although existing forestry species might be used more exten-
sively in the wet tropics. However, various new species are
being assessed for horticulture, in particular for the cut flower
and/or foliage industry (Ratnayake & Joyce, 2010), for
ornamentals and street trees (Ducatillion & Blanc-Chabaud,
2010), for agroforestry (Rinaudo & Cunningham, 2008), for
feed-stock and even for human nutrition (Rinaudo et al.,
2002). Pressure to introduce a range of Australian acacias for
erosion control and rehabilitation, as well as for bio-fuels and
carbon-capture, is likely to increase (Kueffer & Vos, 2004),
particularly as global change will tend to lead to more habitats
being overused and degraded with very nutrient-poor soils, dry
climate, and high risk of wildfire (situations suitable for many
Australian acacia species).
These new introductions of acacias will need to be managed
carefully if widespread invasions and negative impacts are to be
avoided. This could be achieved primarily through the use of
import permits based on a risk-assessment framework and
cost-benefit analysis. To determine the level of risk-assessment
required, we used the Australian Weed Risk Assessment
Figure 2 A generalized life cycle of an Australian acacia (based on information in Gibson et al., 2011). Although there is substantial
phenological variation in adult plant size and structure, Australian acacias share many traits. The most challenging for management (both in
terms of controlling and as a threat to the sustainability of control) is their tendency to form large and persistent seed banks (Box 2).
Pro-active management of Australian acacias
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Protocol (Pheloung et al., 1999; Gordon et al., 2010). For each
question, we estimated which answers could apply to any
member of the group (e.g. no taxa are aquatic, but while most
taxa do not have spines or thorns, some do) using the literature
and knowledge of the authors. This provided lower and upper
bounds on the potential risk-assessment score. Assuming that
the proposed introduction was to a climatically suitable
location, the overall range scored was 1–40 (Appendix S4),
where scores of 1–6 indicate that further evaluation is required
[e.g. obtaining more data or undertaking further investigations
such as field trials (Pheloung et al., 1999)] and scores > 6
indicate an introduction should be rejected. In summary, the
general attributes of wattles (N-fixing, animal-dispersed seeds,
long-lived seed bank) mean that prior to introduction, all taxa
Box 1 Classical biological control of Australian acacias
To date, South Africa is the only country to have deliberately released biological control agents (nine insect herbivore species and a fungus, see
the table below). The only other countries involved in biological control of wattles are Portugal, where host-specificity testing for Trichilogaster
acaciealongifoliae on Acacia longifolia has been carried out (Marchante et al., 2011), and New Zealand, where several biological control agents are
presumed to have been accidentally introduced and have since spread naturally (Hill et al., 2000; Impson et al., 2009).
Biological control in South Africa has largely been limited to agents that do not damage the vegetative parts of their host plant (i.e. only attack
the flower buds, flowers or seed pods) so as to minimize the impact on commercial production of wattles (Dennill & Donnelly, 1991). While
most of the agents released have been shown to have no direct or indirect effect on the growth or survival of host plants (Hoffmann et al., 2002;
Dorchin et al., 2006; Moseley et al., 2009), the large reductions in seed production reduce the costs of follow-up management and spread rates.
Agents that have more direct impacts include the rust-fungus Uromycladium tepperianum, which reduces the life expectancy of adult A. saligna
plants (Morris, 1997; Wood & Morris, 2007), and T. acaciealongifoliae which, by inducing galls on A. longifolia flower-buds, directly prevents
seed set and also increases plant mortality by creating a resource sink that reduces the ability of plants to survive stress (Dennill, 1988).
The programme against A. longifolia provides an excellent indicator of what might be expected from biological control. This has been the
longest running programme against an Australian acacia in South Africa, commencing in 1982 (Dennill & Donnelly, 1991; Dennill et al., 1999),
and has resulted in two agents being released (see the table below). The direct and indirect damage caused by Trichilogaster acaciaelongifoliae,
along with the seed-feeding weevil, Melanterius ventralis, natural fire cycles and manual control operations, has resulted in a decline in the status
of A. longifolia as a weed to the extent that the plant is no longer considered to be problematic in most areas of its invasive range in South Africa
(F.A.C. Impson, personal communication).
The long history of the biological control programme on wattles in South Africa provides a valuable resource for other countries considering
biological control options for this group of plants. The experience to date is particularly relevant for countries where Australian acacias are
recognized as being problematic but where the plants also provide social and commercial benefits (Impson et al., 2009). For those countries
assessing new importations of Australian acacias, strong consideration should be given to the simultaneous introduction of seed-reducing agents
(thereby minimizing spread from a designated area, the development of large seed banks and limiting postharvest weedy regeneration).
There are still many potential biological control agents that have not been fully assessed, including several reproductive feeders (Kolesik et al.,
2010; Impson et al. 2011), but also, given the previous limitations on agent selection in South Africa, many root and stem borers (Impson et al.
2011). The larvae of several genera of Cerambycid beetles and several species of both the goat and ghost moths (Cossidae and Hepialidae) are
commonly associated with many of the Australian acacias (McKeown, 1947; Common, 1990). While these insect groups tend to be somewhat
polyphagous, this type of agent has been successfully used against other invasive woody legumes, e.g. a stem-boring Sesiidae moth has
contributed to the successful control of Mimosa pigra, in northern Australia (Paynter, 2005).
Table Box 1 Biological control agents released in South Africa. Agents that cause reductions in growth rates of the host plant are
shown with *, all other agents reduce rates of reproduction.
Acacia species Agents Year of introduction
A. baileyana Melanterius maculatus (Coleoptera: Curculionidae) 2006
A. cyclops Melanterius servulus (Coleoptera: Curculionidae) 1994
Dasineura dielsi (Diptera: Cecidomyiidae) 2001
A. dealbata Melanterius maculatus (Coleoptera: Curculionidae) 1998
A. decurrens Melanterius maculatus (Coleoptera: Curculionidae) 1998
A. longifolia *Trichilogaster acaciaelongifoliae (Hymenoptera: Pteromalidae) 1983
Melanterius ventralis (Coleoptera: Curculionidae) 1985
A. mearnsii Melanterius maculatus (Coleoptera: Curculionidae 1995
Dasineura rubiformis (Diptera: Cecidomyiidae) 2002
A. melanoxylon Melanterius acaciae (Coleoptera: Curculionidae) 1986
A. podalyriifolia Melanterius maculatus (Coleoptera: Curculionidae) 2009
A. pycnantha *Trichilogaster signiventris (Hymenoptera: Pteromalidae) 1992
Melanterius maculatus (Coleoptera: Curculionidae) 2005
A. saligna *Uromycladium tepperianum (Uredinales: Pileolariaceae) 1987
Melanterius compactus (Coleoptera: Curculionidae) 2001
J. R. U. Wilson et al.
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should be examined in more detail than is required for an
initial screening using the Australian Weed Risk Assessment
Protocol (Appendix S4). When we attempted other such
schemes (e.g. Brunel et al., 2010), similar results were
obtained. Indeed we know of only one species where a
completed risk assessment suggested there was a low invasion
risk [A. stenophylla in Hawaii (PIER, 2003)].
The limitations of existing risk assessments have stimulated
research on predictive correlates of invasiveness (Castro-Dı´ez
et al., 2011; Hui et al., 2011). As a preliminary effort to
combine these studies with data on the history of invasion
and naturalization [including information from within Aus-
tralia (Maslin & McDonald, 2004)], we developed four
categories of invasion risk (Table 1). The only species
classified as low risk are those with a long history of
introduction but no history of invasiveness. One major
problem with this scheme is the degree to which improved
information changes ratings; for example, while there are
some reports of naturalization and spread of A. leptocarpa in
Tanzania (Haysom & Murphy, 2003), the extent to which this
species is actually invasive needs to be determined. Similarly
the low invasion risk predicted for A. stenophylla in Hawaii
(PIER, 2003) appears to contradict other anecdotal informa-
tion online (e.g. http://forums.gardenweb.com/forums/load/
azgard/msg0500014111061.html). While this approach might
become useful, it clearly requires more detailed research and
consideration (Box 3).
Managing naturalization
There is often a time delay before an introduced taxon is
observed to invade; for example, in Israel it took about
50 years for A. saligna and 75 years for Acacia cyclops to be
regarded as invasive (Dufour-Dror, 2010), while it was 10 and
20 years after A. mearnsii and A. mangium had been widely
planted on La Re´union and Mayotte respectively before they
became invasive (Tassin & Balent, 2004). These lag phases are
comparable to those seen with other woody invaders [e.g.
15 years on average on a tropical island (Daehler, 2009), but
well over a century on average for South Australia (Caley et al.,
2008)]. Any delay between deriving benefits and observing
impacts is particularly problematic for proactive management,
but equally offers opportunities for preventative measures to
be instigated in time (i.e. before exponential population
growth occurs).
If management resources are to be allocated efficiently, we
need to understand why certain species establish and spread,
and which factors prevent or limit establishment and spread.
There are several reasons to explain a lack or delay in
naturalization. It might be partially explained by a lack of
suitable sites (e.g. climatic or edaphic) (Wilson et al., 2007).
Efforts have been made to rehabilitate degraded sites in
northern Greece by planting A. saligna, but saplings could not
cope with low winter temperatures and frequent frost.
Similarly, despite repeated large-scale efforts to use Acacia
pycnantha for drift-sand control in South Africa, A. pycnantha
has only established and spread at a few sites on more rocky
ground (Poynton, 2009). Wattles might also require a
particular fire or flooding regime to launch widespread
invasions (Witkowski, 1994; Roura-Pascual et al., 2009). The
presence of a particular fire cycle might partially explain the
success of A. saligna invasions in Mediterranean ecosystems,
but the relatively slow spread seen in Ethiopia. One other oft-
cited reason for invasions to fail – a lack of mutualists
Box 2 Controlling seed banks of Australian acacias
Most invasive wattles produce copious numbers of seeds that accumulate as extensive and abundant seed banks (Gibson et al., 2011). Although
the longevity of wattle seeds has not been fully investigated, anecdotal reports from Australia suggest that seed can survive for more than a
century (based on observations of historically cleared land that recently has been allowed to burn). Even if it is more typical for seeds to persist
for decades, it is clear that invasions can regenerate long after clearing. As such, seed banks represent a fundamental challenge to management in
this group (Holmes et al., 1987; Holmes, 1989a,b; Richardson & Kluge, 2008). There are several methods to reduce the size of existing seed
banks:
• Fires scorch and destroy seeds in the surface layers and stimulate others to germinate en masse, a combination of which substantially reduces
seed banks (Pieterse & Cairns, 1986, 1988). A thorough follow-up or repeat burn is needed to treat emerging seedlings.
• Disturbance – clearing operations and other forms of soil disturbance promote high levels of germination, and this effect can be used
intentionally, e.g. raking, to deplete the seed bank. Again this will result in a large number of seedlings.
• Litter removal can be effective in removing seeds before they are incorporated in the seed bank (Marchante et al., 2010b), one method being to
vacuum around adult plants.
• Earth covering – seeds germinating more than 10 cm below the soil surface have a reduced chance of reaching the surface, and so covering an
invaded site with 20 cm of earth can prevent recruitment.
• Soil inversion or removal of the top 20 cm of soil can significantly reduce seed survival and numbers (Cohen et al., 2008).
• Solarization – areas exposed to sunlight are covered in plastic, and the resulting increase in soil temperature induces germination and kills
seedlings. This was found to deplete A. saligna seed banks in experimental plots in Israel (Cohen et al., 2008), but field trials were less successful
because the plastic sheets were easily removed or damaged (e.g. by wild animals).
In summary, while there are several methods that can reduce existing soil seed banks, they tend to be highly destructive, resource intensive,
only practical over small areas, unsuitable for use in natural areas, and may require extensive follow-up management to deal with germinating
seedlings.
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(Richardson et al., 2000a) – is less likely to apply. Wattles,
or at least the invasive ones, have readily formed new
associations with rhizobia, pollinators and seed dispersers
(Rodrı´guez-Echeverrı´a, 2010; Gibson et al., 2011; Rodrı´guez-
Echeverrı´a et al., 2011). Many Australian acacias produce
large quantities of viable seed in their introduced range
despite evidence of reproductive self-incompatibility within
the group (Gibson et al., 2011). Perhaps the greatest factor
influencing Australian acacia invasions is pressure from
humans. Constant harvesting, grazing and land cultivation
can limit rates of spread. Providing such uses continue,
naturalization will be managed at a level where impacts
remain low (Kull et al., 2011), but it is debatable whether
utilization can prevent an invasion.
Even if there is no current evidence of an invasion at a site,
the situation can clearly change, and so continued monitoring
and potentially some management is required. Between 1974
and 1984 over 40 species of wattle were imported to various
countries in West Africa for use in arid areas denuded of
woody vegetation (Cossalter, 1986). Acacia colei, A. torulosa
and A. tumida were introduced to Niger and have since been
planted extensively. While these species appear to rarely self-
sow, they still represent an invasion risk that should be
monitored (Box 3).
Early detection procedures will be particularly important
near biodiversity conservation sites (Kull et al., 2008), and
areas surrounding planting sites can be (and often are)
regularly monitored for signs of recruitment (Mochiutti
et al., 2007), although this is not always the case [e.g.
A. auriculiformis and A. mangium plantations in Malaysia
(B.B. Bakar & M. Ohsawa, unpublished data)]. Arboreta and
botanic gardens could be similarly aware and pro-active if
resources permit; for example, all trees of A. binervata at
Tokai Arboretum in South Africa were reportedly removed
for fear that the species might spread and become a weed
(Poynton, 2009). Herbaria records of known invaders could
also be followed up as a method of timeously detecting
naturalizing populations.
Australia will likely see the largest number of new wattle
species naturalizing because of the difficulty of preventing
plant movements within a country and other factors, such as
an enthusiastic native plant horticulture movement (Reid &
Table 1 Preliminary risk assessment categorization for Australian acacias.
Invasive
potential Criteria Recommendations Acacia species
Extremely
high
Evidence for invasion
outside of Australia
No new utilization without co-introduction of
seed reducing agents, and long-term planning to
deal with any invasions (e.g. through insurance),
or the use of sterile varieties
Identify and remove populations of these in
climatically suitable countries where they are
not yet widespread
A. auriculiformis, A. baileyana, A. crassicarpa,
A. cyclops, A. dealbata, A. decurrens,
A. elata, A. holosericea, A. implexa, A. iteaphylla,
A. longifolia, A. mangium, A. mearnsii,
A. melanoxylon, A. paradoxa, A.
podalyriifolia, A. pycnantha, A. retinodes,
A. salicina, A. saligna, A. stricta,
A. verticillata, A. victoriae (Richardson &
Rejma´nek, 2011)
High Evidence of naturalization
(or invasion in Australia
outside native range)
OR
Predicted as invasive
based on native range
properties, or with
similar characteristics as
known invaders
All species subject to a detailed full risk assessment
specifying mitigation methods before importation
or usage
Seek alternatives
Any small areas without a clear value to somebody
to be removed as a precaution
A. floribunda, A. iteaphylla, A. pravissima,
A. prominens, A. sophorae… (Groves et al., 2005)
OR
A. binervata, A. floribunda, A. howittii,
A. terminalis… (Castro-Dı´ez et al., 2011; Hui
et al., 2011)
Moderate Species not covered by
rest of the criteria
All species subject to a detailed full risk assessment
specifying mitigation methods before importation
or usage
Any small areas without a clear value to somebody
to be removed as a precaution
Remaining species unclassified elsewhere
Low No instances of
naturalization despite
widespread planting
over 50 years outside of
native range
Monitor any new areas for spread
Old plantings to be reassessed to confirm lack
of spread
Comparison between climatically suitable areas
to be made
A. pendula (?)
The table provides examples of species in the different categories, however, these categories are not currently linked to a quantitative risk class, and the
criteria are at present potentially overlapping. The classification presented here is based on a situation that is close to optimal for the species under
consideration. Regional and local contexts (ecological, social, economic, etc.) can dramatically reduce the invasive potential.
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Murphy, 2008). As such, Australia provides a test of which
species are likely to naturalize and how. The main difficulty
will be to separate human-mediated introductions from
natural range expansion (Wilson et al., 2009).
Eradication
Finding and treating populations before they become wide-
spread is often the only point at which eradication is
Box 3 Key areas of short and long-term research and intervention recommended to understand and manage potential invasiveness of
introduced Australian acacias
Biological and ecological traits
• Further understand seed-bank dynamics (e.g. seed longevity, seed rain, seed predation and decay and seed-bank extension).
• Determine dispersal and recruitment limitations, e.g. animal dispersal and the likelihood that flooding would precipitate mass recruitment in
dry areas.
• Identify correlates or predictors of invasiveness.
Biogeography of invasive Australian acacias
• Compare species across regions that differ in invasion success (e.g. cf. A. saligna in Cyprus, Israel and South Africa with A. saligna in Ethiopia).
• Compare interspecific invasion success in the context of human usage (e.g. A. mangium is less invasive than A. auriculiformis in Malaysia).
• Identify areas of current climate suitability and investigate the effect of projected climate change on future potential distributions.
• Evaluate limitations in invasiveness for species widely planted but with no record of naturalization.
Control techniques and strategies
• Search for and assess new biological control agents, particularly agents that damage vegetative parts of the plant.
• Introduce existing biological control agents to other countries after suitable risk protocols have been followed.
• Assess and optimize different methods for depleting seed banks.
• Improve methods of detecting invasions including small incipient infestations or remnant plants in an eradication programme (Goodwin
et al., 2010).
• Develop techniques for restoring and rehabilitating areas where populations have been eliminated.
• Work with global arboreta and herbaria to identify potential foci of new invasions.
Responsible utilization
• Encourage growers to monitor and manage spread from plantation borders.
• Develop and promote non-invasive alternatives to Australian acacias for forestry and for rehabilitation of degraded dry habitats (Kueffer &
Vos, 2004).
• Encourage commercial utilization to insure against the risk of invasion.
• Include an assessment of invasive potential in experimental planting trials, and if a species is not to be used further, trials to be removed on
completion (Griffin, 1990).
• Support ongoing research into managing sterility and promote the usage of sterile crops throughout the forestry industry (no sterile cultivars
are yet commercialized).
• Implement a process for decommissioning land after Australian acacia production.
• Introduce biological control agents that reduce reproductive output to minimize the invasive potential of plantations.
• Develop mitigation protocols (e.g. for potential biofuel production see DiTomaso et al., 2010).
Public awareness
• Increase public awareness of potential invasive impacts through out-reach initiatives (Marchante et al., 2010a).
• Develop relevant information on invasiveness for producers and online acacia buyers and sellers.
Effective legislation
• Produce easily accessible information on potential and predicted risk of Australian acacia invasions.
Global and regional co-operation
• Discourage the widespread use of known invasive species in countries where species have not yet been introduced.
• Develop and disseminate an internationally applicable best management practice guideline for preventing and managing Australian acacia
invasions. Guidelines should be web based, linked to existing data portals on biological invasions, and target managers, scientists, and
stakeholders (e.g. http://www.cabi.org/isc).
• Develop methodology and tools to incorporate views and concerns of local stakeholders into management planning.
Appropriate time-scales for funding.
• Advocate for longer-term funding (governmental and non-governmental) so management can operate over the time-scales required to
successfully control Australian acacia invasions (i.e. > 5 years).
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achievable (Mack & Lonsdale, 2002). While we know of
no cases where an invasive wattle population has been
eradicated, there are several instances where efforts are
ongoing. Acacia paradoxa is being targeted in South Africa
(Zenni et al., 2009), and the possibility of eradicating
A. saligna from Cyprus is under investigation by the Cyprus
Forest department [P. Delipetrou & C. Christodoulou, pers.
comm.); see also Appendix S3]. However, applying a recent
scheme for assessing the limitations to eradication (Panetta,
2009) to Australian acacias, it is clear that the major
limitation to the eradication of an invasive Australian acacia
population would be the presence of a long-lived seed bank
(Table 2). As such, management programmes need to be
careful not to declare an eradication until the seed bank is
demonstrably exhausted; for example, several wattles have
been designated as eradication targets on the island of Maui,
Hawaii, and while A. retinodes is the most promising
contender, reports of its eradication are premature (Kraus
& Duffy, 2010). As a precaution, species with currently
limited distributions particularly those that are known as
invaders and where there is no conflict of interest could be
removed, e.g. from disbanded forestry plantations and trials.
Eradication is feasible only for small infestations, but the
point at which eradication should be discarded in favour of
other options, including containment, is a matter of ongoing
research (Panetta, 2007; Moore et al., 2011). Containment is a
matter of understanding and controlling dispersal routes, in
particular preventing the dispersal of seeds beyond production
areas by, for example, contaminated soil. More broadly, it also
includes efforts to reduce seed production (Box 2). There have
been few explicit efforts to contain the spread of Australian
acacias (Appendix S3), though clearly preventing new inva-
sions is an important strategy (van Wilgen et al., 2011). By this
stage, however, effort will also have to be spent on managing
the impact of the invasion.
Managing impacts
Many Australian acacias, when invasive, have the potential
to rapidly transform ecosystems by fixing nitrogen, changing
fire regimes and altering community dynamics (Le Maitre
et al., 2011). If the range of traits seen in the group is
applied to a recent scheme to assess the impacts of plant
invasions (Magee et al., 2010), all taxa are found to have
aggressive invasiveness-impact with the vast majority
deemed extreme invasiveness-impact (Table 3). Indeed, sev-
eral wattle species are considered transformers sensu Rich-
ardson et al. (2000b), e.g. A. longifolia in Portuguese dune
ecosystems (Marchante et al., 2008). Restoration efforts
must take the impact on ecosystems and ecosystem services
into account to increase chances of success (Le Maitre et al.,
2011).
Once species are widespread, costly exercises are required
if an area is to be cleared. Maintenance management using
mechanical clearing and herbicide application to cut stumps
can be very effective in killing older saplings and adult trees
Table 2 Factors affecting eradication efforts [adapted from Panetta (2009)] and the relevance of these factors for Australian acacias.
Factors that impede plant eradication Relevance to Australian acacias Importance
Number and spatial distributions of
invasive populations
Distribution usually clumped around arboreta, forestry plantations, etc.,
although some species can form extensive continuous stands
Low–medium
Accessibility of invasive populations Some species are bird-dispersed and can spread to inaccessible areas, but
invasions tend to be more accessible than some other invasive plants
(e.g. wind-dispersed species)
Low–medium
Lack of conspicuousness within the
matrix of invaded vegetation
Wattles are trees or shrubs with large showy floral displays, and distinctive
morphology, and so are more conspicuous than many grasses and herbs
[although it may be difficult to separate some invasive species
(e.g. A. implexa from A. melanoxylon)]
Low
Detectability prior to reproduction As above, however, many species can reproduce when significantly smaller
than 1 m tall, and within 2 years (Gibson et al., 2011)
Low–medium
Reproduction through vegetative
fragmentation
While many species sucker and resprout, species cannot reproduce through
fragmentation
Zero
Minimum length of the pre-reproductive
period
All species will require at least 1 year before seed production occurs; thereafter
seed production is generally annual
Low
Maximum longevity of seeds or
vegetative propagules
Wattles often develop a persistent seed bank that lasts decades High
Number of treatments required to
control the largest plants
Mechanical clearing and treatment of stumps with herbicide is usually highly
effective; however, some species sucker and resprout
Zero–low
Percentage of the invaded area requiring
control procedures more expensive
than standard methods
Plants can grow on very steep slopes or in riverine systems; however, this
concern is more a function of the invaded landscape
Site dependent
Potential for managing propagule
dispersal
Seeds are visible to the naked eye, and very basic decontamination procedures
will limit spread during control, but the movement of contaminated soil or
seeds by birds can be problematic
Low–Medium
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and preventing coppicing or suckering (of most species), but
only if the proper procedures are followed. Moreover,
control will almost always require extensive follow-up efforts
to deal with germination from the seed banks (Box 2).
Integrated management of widespread invaders can, and
arguably should, consider classical biological control (van
Wilgen et al., 2011; Box 1). However, by the time the
invasion has reached this stage, it is already often too late to
prevent substantial, potentially irreversible, impacts on the
ecosystem.
TOOLS NECESSARY TO ACHIEVE PRO-ACTIVE
CONTROL
We have discussed several ways in which Australian acacias can
be managed to minimize the risk of invasion. For these to be
effective, more research on particular areas and better
facilitating mechanisms are required, and conflicts of interest
with those for whom wattles are valuable have to be discussed
and resolved (Box 3).
Responsible utilization
There are several existing initiatives designed to secure the
beneficial properties of Australian acacias while at the same
time reducing the invasion risk (Box 3); for example, biological
controllers have worked with foresters to try to reduce seed
production without compromising commercial production of
wattles (Box 1), and efforts to breed sterile triploids for use in
forestry are underway in Vietnam and South Africa (Griffin
et al., 2011).
The benefits derived from a species often change through
time, and if a given natural resource industry closes, then not
only is there no agency responsible for removing any
naturalizing plants but there is likely to be a large disturbed
area for an invasion to progress from. Acacia mearnsii was
introduced to La Re´union Island in 1878 for tannin produc-
tion and later used as a soil improver and fuel-wood as part
of the pelargonium oil industry. The collapse of the industry
during the early 1960s meant A. mearnsii could quickly
proliferate in abandoned fields and spread into natural
Table 3 Assessment of the range in impact scores for Australian acacias (Magee et al., 2010).
Trait Notes Score (0 or 1)
Life history Strongly clonal Some resprout via suckering and coppicing, but this is not a major method
for spreading (Reid & Murphy, 2008)
0
Large propagule crop Often prolific seeder (Richardson & Kluge, 2008; Marchante et al., 2010b) 0–1
Small seeds/fruits Seeds usually < 5 mm in longest dimension (but not by much) 0–1
Wind dispersal Very limited 0
Animal dispersal Often (O’Dowd & Gill, 1986; Gibson et al., 2011) 1
Water dispersal Can see significant spread by water (Milton & Hall, 1981) 1
Specialized dispersal No 0
Dispersal over time Persistent seed bank and long seed life, also often staggered germination,
and staggered dispersal from inflorescence (e.g. Holmes, 1989a)
1
Plasticity Can have some morphological, phenotypic and genetic variability 0–1
Ecological
amplitude
Drought tolerant Often 1
Wide moisture regime Often 1
Flooding/saturation tolerant Growing in wet conditions, or adapted to intermittent flooding 0
Wide nutrient or soil texture
ranges
Variable 1
Wide light regime Often shade tolerant Mostly 1
Alkaline or saline tolerant Occasionally Mostly 0
Grazing tolerant or increaser Resilient to direct grazing impacts, increases because of low palatability,
to toxicity, or release from competition
Mostly 0
Increases postfire Often fire adapted (Pieterse & Cairns, 1986) Mostly 1
Ecosystem
alteration
Alters hydrology Yes (Le Maitre, 2004) 1
Alters nutrient cycling Nitrogen-fixers (Brockwell et al., 2005; Rodrı´guez-Echeverrı´a et al., 2011) 1
Alters fire regime Yes. (van Wilgen & Richardson, 1985) Can increase the fire load and
intensity and act as fire breaks
1
Alters soil stability Many species used for dune stabilization 1
Excretes salts or toxins Rarely 0
Forms monocultures or
near-monocultures
Yes (Le Maitre et al., 2011) 1
Invades in absence of human
disturbance
For most invasions observed this is clearly the case Mostly 1
The group scores a range of 47–74%. As scores of 36–50% indicate aggressive invasiveness-impact and scores of 51–100 extreme invasiveness-impact,
the vast majority of Australian acacias are expected to have extreme invasiveness-impact. Information is based largely on the Flora of Australia (2011)
unless specified.
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vegetation. It is now the most widespread invasive woody
plant on that island covering more than 5500 ha (Tassin
et al., 2006). We recommend that risk-reducing measures be
in place from the start of a venture and that a long-term
mechanism is instigated for managing plantation abandon-
ment (Box 3).
Public awareness
The management of biological invasions in general requires a
level of public awareness and support, but this is particularly
important if there are conflicts of interest (De Poorter, 2001;
Andreu et al., 2009). Wattles have many beneficial uses (Griffin
et al., 2011) and are often a precious resource central to many
rural livelihoods providing fuelwood, food, fodder, and shelter
(Kull et al., 2011). Marchante et al. (2010a) outline some
recent efforts in Portugal to raise public awareness and engage
the public including: updated and informative web pages
where online enquiries can be responded to; field-work
projects tied to information sessions; training courses for
educators and biodiversity professionals; distribution of
printed material (e.g. species profiles, field guides, postcards,
bookmarks); and stands at science, nature, and gardening
forums and fairs. Such efforts require substantial and sustained
investment, with a contact for enquiries (Box 3).
Effective legislation
Few countries have regulations aimed at limiting Australian
acacia invasions (Appendix S3). Portuguese regulators, based
on legislation from 1999, listed several introduced species that
are prohibited from usage and exploitation and which require
a national plan for control. New imports of unlisted species
also required risk assessment. This legislation is under review,
but it has not yet been widely enforced, nor have the control
plans been implemented. There is a similar situation in South
Africa. While the implementation of current legislation has
been partially effective in reducing the unregulated sale and
spread of wattles, it has little effect on how invasions are dealt
with on private property and has not been widely enforced
(van Wilgen et al., 2011). We know of only one case in South
Africa where a property owner was fined for not clearing their
land of invasive alien vegetation. Commercialization of
A. mearnsii has been forbidden on La Re´union Island since
2006, and legislation is in development in both Cyprus and
Spain (Appendix S3). For most other countries where there are
regulations, there are insufficient resources or capacity to
implement them, and they can often be bypassed. The forestry
legislation in Madagascar is probably typical – it does not
distinguish between native and introduced species and, while
there are phytosanitary restrictions in place for crop pests,
there are no policies designed to reduce the risk of introducing
invasive plants (Kull et al., 2007).
In practice, a combination of voluntary agreement and
enforced legislation might be required to achieve successful
management goals (Simberloff, 2009). This will require
resources, support, enthusiasm, and clearly defined lines of
responsibility, i.e. will depend on a level of governance that is
absent from many regions. Moreover, since administrative and
biogeographical boundaries often do not align, pro-active
management will only be practical if international experiences
and support are shared.
Global and regional co-operation
Trans-boundary co-operation regarding the management of
invasive alien species that has been successful in a few cases in
Asia and Oceania is still limited in Europe (Hulme et al.,
2009), and is essentially non-existent in Africa. We recommend
the establishment of a unified platform, e.g. a website, which
hosts information about Australian acacia introductions, what
benefits they provide, their invasive status, the importance of
preventing further spread, a description and assessment of
control options, and examples of how they can be used
responsibly. The platform would enable risk assessments to be
shared and the efficacy of control methods compared. This
global platform could also be responsible for the development
and maintenance of an alert list that summarizes current
knowledge about the invasive potential of Australian acacia
species. This could be achieved by better integrating available
information into existing databases, e.g. CABI’s Invasive
Species Compendium (http://www.cabi.org/isc).
Appropriate time-scales for funding
In many regions, funding for specific control operations is of
short duration (2–3 years at most), supporting initial control
but not the essential follow-ups. This is particularly important
for wattle invasions where the long-lived persistent seed banks
are a major limitation to successful management (Box 2,
Table 3). Indeed the time taken for eradication, unless new
methods are developed, is effectively equal to the seed
dormancy time period, i.e. decades for many species. Funding
for the control of an invasive wattle needs to be assured in the
medium- to long-term; otherwise most of the management
efforts described here will be ineffective.
CONCLUSIONS
The problems caused by invasive Australian acacias are already
substantial, but will increase in magnitude and diversity. There
are many climatically suitable regions around the world where
Australian acacias have not yet been introduced (Richardson
et al., 2011), but as countries and individuals seek to replicate
the diverse beneficial uses of species demonstrated in other
parts of the world (Kull et al., 2011; van Wilgen et al., 2011),
and develop wattles to fulfil new needs (Griffin et al., 2011), we
expect wattles to continue to be distributed. As shown in the
papers in this special issue of Diversity and Distributions, we
have a reasonable understanding of the determinants and
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impacts of invasiveness in this group and the considerable
difficulties managing established invasions. There are few
documented examples where cultivation has not led eventually
to an invasion, and so the prior expectation is that large-scale
introductions to climatically suitable areas will lead to an
invasion with the potential to transform ecosystems. Therefore,
a precautionary approach should be taken, and more should be
done pro-actively to limit invasions in terms of both manage-
ment and research (Puth & Post, 2005).
In conclusion, our recommendations are as follows: (1) All
new introductions should be contingent upon full and detailed
risk assessments and cost-benefit analyses, and while perceived
benefits might override ecological concerns in some cases, we
would recommend the development and adoption of sustain-
able mitigation methods. (2) Eradication should be set as a
management goal more often, particularly if there are no
conflicts of interest and species have limited invasive distribu-
tions, or pre-emptively if a species is known to be invasive
elsewhere. (3) Commercial plantings should carry the costs for
the increased risk of invasions, production should focus on
sterile cultivars, and responsible utilization practices should be
developed and implemented. (4) Biological control remains
the most cost effective, sustainable and reliable option for
widespread invasive Australian acacias (Dennill et al., 1999),
and efforts should be made to implement it more widely. (5)
Effective management of Australian acacia invasions will
require better global co-operation, dissemination of informa-
tion and experience, and an increase in public awareness.
While the risks and appropriate responses will vary depending
on the context, we believe following these general recommen-
dations will help reduce the costs of Australian acacia
invasions.
Whether our group-specific global approach was useful in
clarifying what needs to be done and where efforts should be
focussed, or has produced over-general impractical recom-
mendations with no-one to implement them and that could
exclude local approaches to particular socioeconomical and
ecological contexts, remains to be seen. However, the man-
agement tools and approaches described here can be applied to
other functionally similar groups. Five of Australia’s 20 Weeds
of National Significance are woody legumes: Acacia nilotica;
Prosopis spp., M. pigra, Parkinsonia aculeata and Ulex europa-
eus. Mirroring efforts to control Australian acacias elsewhere,
Australia has tried to prevent the introduction of woody
legumes (Paynter et al., 2003), eradicate them [e.g. A. angus-
tissima and A. karroo (Csurhes & Navie 2009)], and has
introduced several biological control agents to reduce their
populations (Palmer et al., 2010). Can the group-specific
approach taken here be extended to other types of invasion to
provide useful generalizations [e.g. how does the risk profile
vary for different vines (Harris et al., 2007)]? We believe that
the replicated biogeographical experiment of Australian acacia
introductions serves both as a model for how to manage a
widely utilized group of potentially invasive species and offers
an opportunity to learn whether management generalizations
are worth making.
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